The charge-discharge performance and the energy density of a metal hydride/air secondary battery using A 2 B 7 type hydrogen storage alloys were studied. The MH/air secondary battery showed a high energy density more than 750 Wh/L or 100 Wh/kg, which is higher than the theoretical energy density of lithium ion secondary batteries. A high current discharge up to 1100 mA (83 mA cm −2 ) was demonstrated with no plugging of the positive electrode by discharge products. The results indicated that the MH/air secondary battery is one of the most promising candidates for next generation of energy storage devices to a wide range of applications such as electric vehicles and home energy storage systems.
Introduction
Metal/air secondary batteries are expected as one of the next generation energy storage devices which perform with a high energy density, because the positive electrode uses oxygen in air so that the discharge capacity depends only on the negative electrode if no plugging of the positive electrode by the discharge product occurs. While commercially available metal/air batteries are limited to be a primary zinc/air battery, many efforts have been done to realize secondary metal/air batteries, [1] [2] [3] [4] [5] [6] [7] [8] in which the discharge products of the air battery using less noble metals such as lithium and magnesium induce the plugging of the positive electrode, resulting in a small discharge capacity, a difficulty of a high current operation, and a poor cycleability. We have also developed a different type of air battery from them, which comprises the negative electrode using hydrogen storage alloys in combination with an alkaline aqueous electrolyte. The charge-discharge reactions of this MH/air secondary battery are expressed as follows (¼ discharge, ← charge);
Negative electrode:
Total reaction:
This battery also utilizes a new bi-functional air electrode consisting of nickel, PTFE, and pyrochlore-type oxide, Bi 2 Ir 2 O 7¹z , which has already demonstrated a good cycling performance for oxygen reduction and evolution up to 2000 cycles. 9 Although our previous studies 10, 11 on the battery performance using AB 5 type MH negative electrodes showed stable charge-discharge voltages and an improvement in power density, a high capacity density of MH electrode was needed to improve an energy density and a high rate performance. Since A 2 B 7 type hydrogen storage alloys are known to be a superlattice structure which is a kind of mixture of AB 2 and AB 5 , so that a higher capacity density than AB 5 is expected, for which the order of theoretical capacity density is AB 5 < AB 2 . In this paper, we report a further improvement of the charge-discharge performance and the energy density of the MH/air secondary battery with the negative electrode, in which A 2 B 7 type hydrogen storage alloys are utilized.
Experimental
The negative electrode (MH electrode) in this study used A 2 B 7 type hydrogen storage alloys (Mm 0.83 Mg 0.17 Ni 3.13 Al 0.17 ) prepared and supplied by FDK. The capacity density of the negative electrodes was 1774 or 1850 Ah/L (278 or 295 Ah/kg), and the electrode size was ca. 45 mm © 45 mm. The positive electrode (air electrode) used nickel powders as a conductive and catalystsupporting material, Bi 2 Ir 2 O 7¹z powders as a bi-functional catalyst, and a PTFE binder. Bi 2 Ir 2 O 7¹z powders were prepared through the co-precipitation and calcination processes; equimolar H 2 IrCl 6 ·6H 2 O and Bi(NO 3 ) 3 ·5H 2 O were dissolved in distilled water, then the precipitates obtained by adding excess 1 mol dm ¹3 NaOH solutions into the precursor solution under oxygen bubbling at 75°C for 3 days were washed, dried at 120°C, and finally heated at 600°C for 2 hours. Then, Ni powders (Nilaco, 200 mesh), Bi 2 Ir 2 O 7¹z powders, and aqueous dispersions of PTFE particles (Daikin, D-E1) were mixed, pressed onto a nickel mesh (Nilaco, 100 mesh) to form a sheet, and the obtained sheet was finally heated at 370°C under nitrogen atmosphere. The composition and the size of the positive electrode were Ni:Bi 2 Ir 2 O 7¹z :PTFE = 70:20:10 wt% and ca. 45 mm © 45 mm. The MH/air secondary battery was fabricated in a PTFE container with the air electrode, the MH electrode, and a membrane separator with 6 mol dm ¹3 KOH solutions as shown in Fig. 1 , in which the total volume and weight of the battery components were ca. 1.6 © 10 ¹3 L and ca. 1.1 © 10 ¹2 kg, respectively. Charge-discharge behaviors of the negative electrode were studied using a conventional three-electrode cell equipped with a Ni plate counter electrode and an Hg/HgO reference electrode. The electrolyte was 6 mol dm ¹3 KOH solutions. The MH/air secondary Electrochemistry
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battery was operated with a constant current at ca. 25°C without air or oxygen blow to the positive electrode.
Results and Discussion

Performance of MH electrode
Charge-discharge behaviors of the MH negative electrode were examined with a constant current of 0.2 C. Figure 2A shows typical charge-discharge curves of the MH electrode, in which the discharge capacity increases during the first 5 cycles then approaches a constant value, while the polarization during charge and discharge decrease with more cycles. The discharge capacity of the negative electrode shown at 15th cycle in Fig. 2A was 2 .535 Ah, from which the discharge capacity density was calculated to be 1765 Ah/L and 275 Ah/kg. The utilization of the negative electrode used in Fig. 2A was 99.0%. The polarization behaviors of the negative electrode were also studied by changing the state of charge (SOC) as shown in Fig. 2B , and the results indicated that the resistance of the negative electrode was ca. 0.2 ³ irrespective of SOC. Figure 3 shows initial charge-discharge curves of the MH/air secondary battery operated with a constant current of 100 mA (7.5 mA cm ¹2 ), in which the stable charge and discharge voltages are seen and the average voltages were ca. 1.56 V and ca. 0.79 V, respectively. The high overpotential during charge-discharge cycle is thought to be attributed to the overpotential of the positive electrode. The energy densities calculated from this result, which is based on the total volume or weight of the battery components (the negative and positive electrodes, the separator, and the alkaline solutions) were 779 Wh/L and 106 Wh/kg. In this case, the utilization of the negative electrode was 81.6%, although that was 97.2% in maximum for the performance test of the negative electrode (the discharge capacity of the negative electrode used in Fig. 3 was  1. 803 Ah, and the discharge capacity density was 1789 Ah/L and 287 Ah/kg). Therefore, the MH/air secondary battery would show an energy density beyond 1000 Wh/L, if the utilization of the negative electrode in the battery could be improved. It should be noted that the energy density of this battery using A 2 B 7 type MH electrode is more than 2 times larger than that of the battery using AB 5 type MH electrode 12 which is 308 Wh/L and 52 Wh/kg. This result proved that the A 2 B 7 type MH negative electrode showed a higher discharge capacity density compared to the previously used AB 5 type MH negative electrode as expected. The current-power relationship is shown in Fig. 4 . The battery was able to operate at 1100 mA (83 mA cm ¹2 ) in maximum with no plugging, and the maximum power and power density were found to be 316 mW and 193 W/L. These results also demonstrated that the higher performance of the battery using A 2 B 7 type MH electrode compared to the battery using AB 5 type MH electrode, 12 in which the maximum discharge current was 600 mA and the maximum power and power density were 151 mW and 74 W/L.
Performance of MH/air secondary battery
Conclusion
The discharge capacity of the negative electrode was increased up to 2.5 Ah and the capacity density achieved 1789 Ah/L or 287 Ah/kg by using A 2 B 7 type hydrogen storage alloys. This made Electrochemistry, 83(10), 855-857 (2015) it possible for the MH/air secondary battery to operate at a high current discharge up to 1100 mA (83 mA cm
¹2
) with no plugging and to present a high energy density more than 750 Wh/L or 100 Wh/kg. A further improvement to reduce the overpotential of the positive electrode is needed and is now under progress. Electrochemistry, 83(10), 855-857 (2015) 
